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Abstract
We investigate a gauge extension of the Standard Model in light of the observed
hints of lepton universality violation in b → c`ν and b → s`+`− decays at BaBar,
Belle and LHCb. The model consists of an extended gauge group SU(2)1×SU(2)2×
U(1)Y which breaks spontaneously around the TeV scale to the electroweak gauge
group. Fermion mixing effects with vector-like fermions give rise to potentially
large new physics contributions in flavour transitions mediated by W ′ and Z ′
bosons. This model can ease tensions in B-physics data while satisfying stringent
bounds from flavour physics, and electroweak precision data. Possible ways to test
the proposed new physics scenario with upcoming experimental measurements
are discussed. Among other predictions, the ratios RM = Γ(B →Mµ+µ−)/Γ(B →
Me+e−), with M = K∗, φ, are found to be reduced with respect to the Standard
Model expectation RM ' 1.
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1 Introduction
The Standard Model (SM) of particle physics, based on the SU(3)C × SU(2)L × U(1)Y gauge
group, is an extremely successful theory that accounts for a wide range of high energy ex-
periments at both the intensity and energy frontiers. It is nevertheless a theory that is widely
considered to be incomplete, and manifestations of new physics (NP) are expected to show
up around the TeV scale.
A large class of particularly attractive NP theories consider extensions of the SM where its
gauge group is embedded into a larger one which breaks to the SM (directly or via various
steps) at or above the TeV scale. In this view, the SM is seen as an effective model valid at low
energies. These constructions include Grand Unified Theories (GUT), composite models and
string-inspired models. Interestingly, when the last breaking of the extended gauge group
occurs around the TeV scale, a plethora of observables are generally predicted. In particu-
lar, flavour physics observables constitute a powerful probe to test these models due to the
impressive precision and reach of current experiments.
In this article we present a detailed phenomenological analysis focused on flavour observ-
ables of a minimal extension of the SM electroweak gauge group to SU(2)1×SU(2)2×U(1)Y .
We remain agnostic as to the origin of such a gauge group but assume it is broken around
the TeV scale. Models based on an extra SU(2) factor have been considered since a long time
and constitute some of the most studied NP theories as they are predicted by various well-
motivated frameworks, such as SO(10) or E6 GUTs. Depending on how the SU(2) and U(1)
factors are identified, we can have for instance Left-Right [1] and Un-unified [2] schemes
(for a general classification, cf. Ref. [3]). The extra SU(2) factor implies the existence of new
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force carriers in the form of heavy partners of the SM W and Z bosons. In general, their
couplings to matter are dictated by the choice of representations of the SM fields and the
exotic new fields (if any). In any case, a rich phenomenology is predicted.
The model we will analyse was first presented in Ref. [4]. While the construction of the
model has been motivated mainly by recent anomalies in B decays, we will carry out here a
generic analysis of the model and impose the constraints arising from these hints only as a
secondary step.
The salient features of our model are summarised as follows:
• The extended gauge symmetry SU(2)1 × SU(2)2 × U(1)Y spontaneously breaks at the
TeV scale to the SM electroweak group following the pattern
SU(2)1 × SU(2)2 × U(1)Y TeV−→ SU(2)L × U(1)Y EW−→ U(1)em .
• The SM fields are all charged under one of the SU(2)’s only, with the same quan-
tum numbers they have in the SM, whereas newly introduced vector-like fermions are
charged similarly to the lepton and quark doublets but under the other SU(2) group.
• Fermion mixing effects (facilitated by the same scalar field which breaks the original
group) between the exotic and SM fermions act as a source of flavour non-universal vec-
tor currents by modulating the couplings of the SM fermions to the new gauge bosons.
Let us now briefly summarise the current B anomalies. Measurements of b → c`ν tran-
sitions for different final state leptons can be used to test lepton flavour universality to a
great precision given the cancellation of many sources of theoretical uncertainties occurring
in ratios such as
R(D(∗)) =
Γ(B → D(∗)τν)
Γ(B → D(∗)`ν) ,
with ` = e or µ. The latest average of BaBar, Belle and LHCb measurements for these pro-
cesses is R(D) = 0.397 ± 0.049 and R(D∗) = 0.316 ± 0.019, implying a combined deviation
from the SM at the 4σ level [5]. Additionally, a measurement of the ratio
RK =
Γ(B → Kµ+µ−)
Γ(B → Ke+e−) ,
performed by the LHCb collaboration in the low-q2 region shows a 2.6σ deviation from the
SM, RK = 0.745+0.090−0.074 ± 0.036 [6]. This observable constitutes a clean probe of lepton non-
universal new physics (NP) effects as many sources of uncertainty cancel in the ratio [7–9].
Intriguingly, departures from the SM have also been reported in b → sµ+µ− decay observ-
ables such as branching fractions and angular distributions. Global fits to b → s`+`− data
performed by different groups show a good overall agreement and obtain a consistent NP
explanation of these departures from the SM with significances around the 4σ level [10–17].
While in the case of b→ sµµ observables the issue of hadronic uncertainties still raises some
debate [18–23], it is clear that a common explanation to all anomalies is only possible in the
presence of NP.
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Figure 1: New physics contributions to B → K(∗)µ+µ− and B → D(∗)τν from the tree-level exchange
of massive vector bosons.
A considerable amount of efforts and model building activities have been devoted to these
B-decay anomalies, though mainly focused on models that can accommodate only one of the
anomalies: either R(D(∗)) or B → K(∗)`+`−. The R(D(∗)) anomalies have been explained
with charged scalars [24–31], leptoquarks (or, equivalently, R-parity violating supersymme-
try) [32–39], or a W ′ boson [40]. Effects due to the presence of light sterile neutrinos have
also been explored in Refs. [41, 42]. Models addressing the B → K(∗)`+`− anomalies on
the other hand involved mostly a Z ′ boson from an extended gauge group [43–55], lepto-
quarks [56–66], or a massive resonance from a strong dynamics [67–69]. In contrast to these
references, which rely on tree-level universality violation, Ref. [70] systematically explored
renormalizable models that explain RK at the 1-loop level. The MSSM with R-parity was
analysed in Ref. [71], finding that it is difficult to address the b→ sµµ anomalies.
Unified explanations of both sets of anomalies are much more scarce. This is due to
the difficulty of accounting for deviations of similar size in processes that take place in the
SM at different orders: loop level for RK and tree-level for R(D(∗)). Nevertheless, among
the proposed models we find those based on leptoquarks [72–78], an extended perturbative
gauge group [4], or strongly-interacting models [79]. An effective field theory approach has
been adopted in Refs. [72, 80–82] and some observations about the relevance of quantum
effects have been given in Ref. [83].
In our model, the massive gauge vector bosons arising from the breaking of the extended
gauge group mediate flavour transitions at tree-level as shown in Figure 1, providing a possi-
ble explanation to the deviations from the SM observed in B-meson decays [4].
The plan of the paper is as follows: in Section 2 we present the model in detail. We
derive the gauge boson and fermion masses and mixings, as well as the required textures in
Section 3. A detailed description of the flavour and electroweak observables included in the
global fit is given in Section 4. Our global fit main results and predictions are presented in
Section 5 and Section 6, respectively. Finally, in Section 7 we provide our conclusions. Details
of the model are provided in the Appendices.
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2 Description of the model
We consider a theory with the electroweak gauge group promoted to SU(2)1×SU(2)2×U(1)Y .
The factor U(1)Y corresponds to the usual hypercharge while the SM SU(2)L is contained in
the SU(2) product. The gauge bosons and gauge couplings of the extended electroweak group
will be denoted as:
SU(2)1 : g1, W
1
i ,
SU(2)2 : g2, W
2
i ,
U(1)Y : g
′, B ,
(1)
where i = 1, 2, 3 is the SU(2) index. All of the SM left-handed fermions transform exclusively
under the second SU(2) factor, i.e.
qL = (3,1,2) 1
6
, `L = (1,1,2)− 1
2
,
uR = (3,1,1) 2
3
, eR = (1,1,1)−1 ,
dR = (3,1,1)− 1
3
,
(2)
where the representations refer to SU(3)C , SU(2)1 and SU(2)2, respectively, while the sub-
script denotes the hypercharge. The SM doublets qL and `L can be decomposed in SU(2)2
components in the usual way,
qL =
(
u
d
)
L
, `L =
(
ν
e
)
L
. (3)
In addition, we introduce nVL generations of vector-like fermions transforming as
QL,R ≡
(
U
D
)
L,R
= (3,2,1) 1
6
; LL,R ≡
(
N
E
)
L,R
= (1,2,1)− 1
2
. (4)
For the moment we take the number of generations nVL as a free parameter to be constrained
by phenomenological requirements. Symmetry breaking is achieved via the following set of
scalars: a self-dual bidoublet Φ (i.e., Φ = σ2Φ∗σ2, with σ2 the usual Pauli matrix) and two
doublets φ and φ′,
φ = (1,1,2) 1
2
, Φ = (1,2, 2¯)0 , φ
′ = (1,2,1) 1
2
, (5)
which we decompose as:
φ =
(
ϕ+
ϕ0
)
, Φ =
1√
2
(
Φ0 Φ+
−Φ− Φ¯0
)
, φ′ =
(
ϕ′+
ϕ′0
)
, (6)
with Φ¯0 = (Φ0)∗ and Φ− = (Φ+)∗. We summarise the particle content of the model in Table 1.
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generations SU(3)C SU(2)1 SU(2)2 U(1)Y
φ 1 1 1 2 1/2
Φ 1 1 2 2¯ 0
φ′ 1 1 2 1 1/2
qL 3 3 1 2 1/6
uR 3 3 1 1 2/3
dR 3 3 1 1 −1/3
`L 3 1 1 2 −1/2
eR 3 1 1 1 −1
QL,R nVL 3 2 1 1/6
LL,R nVL 1 2 1 −1/2
Table 1: Particle content of the model.
Yukawa interactions
The SM fermions couple to the SM Higgs-like φ doublet with the usual Yukawa terms,
−Lφ = qL yd φ dR + qL yu φ˜ uR + `L ye φ eR + h.c. , (7)
with φ˜ ≡ iσ2φ∗. The yu,d,e Yukawa couplings represent 3 × 3 matrices in family space. The
vector-like fermions, on the other hand, have gauge-invariant Dirac mass terms,
−LM = QLMQQR + LLML LR + h.c. , (8)
and our choice of representations allows us to Yukawa-couple them to the SM fermions via
−LΦ = QR λ†q Φ qL + LR λ†` Φ `L + h.c. , (9)
and
−Lφ′ = QL y˜d φ′ dR +QL y˜u φ˜′ uR + LL y˜e φ′ eR + h.c. , (10)
where λq,` and y˜u,d,e are 3×nVL and nVL× 3 Yukawa matrices, respectively. After spontaneous
symmetry breaking, these couplings will induce mixings between the vector-like and SM
chiral fermions. This is crucial for the phenomenology of the model, in particular in its
flavour sector, as will be clear in the next sections.
Scalar potential and symmetry breaking
The scalar potential can be cast as follows:
V = m2φ|φ|2 +
λ1
2
|φ|4 +m2φ′ |φ′|2 +
λ2
2
|φ′|4 +m2Φ Tr(Φ†Φ) +
λ3
2
[
Tr(Φ†Φ)
]2
+ λ4(φ
†φ)(φ′†φ′) + λ5(φ†φ)Tr(Φ†Φ) + λ6(φ′†φ′)Tr(Φ†Φ) +
(
µφ′†Φφ+ h.c.
)
.
(11)
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We will assume that the parameters in the scalar potential are such that the scalar fields
develop vevs in the following directions:
〈φ〉 = 1√
2
(
0
vφ
)
, 〈φ′〉 = 1√
2
(
0
vφ′
)
, 〈Φ〉 = 1
2
(
u 0
0 u
)
. (12)
Assuming u vφ, vφ′, the symmetry breaking proceeds via the following pattern:
SU(2)1 × SU(2)2 × U(1)Y u−→ SU(2)L × U(1)Y v−→ U(1)em , (13)
with the assumed vev hierarchy u ∼ TeV v ' 246 GeV. With this breaking chain, the charge
of the unbroken U(1)em group is defined as
Q =
(
T 13 + T
2
3
)
+ Y = TL3 + Y , (14)
with T a3 the diagonal generator of SU(2)a. In the first step, the original SU(2)1×SU(2)2 group
gets broken down to the diagonal SU(2)L. Under the diagonal sub-group, φ and φ
′ transform
as doublets and, as usual with two-Higgs doublet models (2HDM), we parametrize their vevs
as
vφ = v sin β ,
vφ′ = v cos β ,
(15)
where v2 = v2φ + v
2
φ′. Since the two doublets transformed originally in a ‘mirror’ way under
the two original SU(2) factors, it is clear that the ratio between their vevs, tan β = vφ/vφ′,
controls the size of the gauge mixing effects. In particular, the limit tan β = g1/g2 corresponds
to the purely diagonal limit with no gauge mixing, see Subsection 3.2 for more details.
The scalar fields {φ,Φ, φ′} contain 12 real degrees of freedom, six of these become the
longitudinal polarization components of the W (′)± and Z(′) bosons. In the CP-conserving
limit the scalar spectrum is composed of three CP-even Higgs bosons, one CP-odd Higgs and
one charged scalar, forming an effective (constrained) 2HDM plus CP-even singlet system.
The scalar sector will present a decoupling behaviour, with a SM-like Higgs boson at the
weak scale (to be associated with the 125 GeV boson) and the rest of the scalars at the scale
u ∼ TeV.1 Further details of the scalar sector are given in Appendix A.
3 Gauge boson and fermion masses and interactions
We now proceed to the analysis of the model presented in the previous section. Here we will
derive the masses and mixing of the gauge bosons and fermions of the model, as well as the
neutral and charged vectorial currents.
1We will assume that µ is of the same order of the largest scale in the scalar potential, i.e. µ ∼ u.
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3.1 Fermion masses
We can combine the SM and the vector-like fermions as
U IL,R ≡
(
uiL,R, U
k
L,R
)
, DIL,R ≡
(
diL,R, D
k
L,R
)
,
N IL ≡
(
νiL, N
k
L
)
, N IR ≡
(
0, NkR
)
, (16)
EIL,R ≡
(
eiL,R, E
k
L,R
)
,
where i = 1, 2, 3, k = 1, . . . , nVL and I = 1, . . . , 3 + nVL. With this notation the fermion mass
Lagrangian after symmetry breaking is given by
−Lfm = ULMUUR +DLMDDR + ELMEER +NLMNNR + h.c. (17)
The mass matrices are given in terms of the Yukawa couplings, vector-like Dirac masses and
vevs as
MU =
(
1√
2
yuvφ
1
2
λqu
1√
2
y˜uvφ′ MQ
)
, MD =
(
1√
2
ydvφ
1
2
λqu
1√
2
y˜dvφ′ MQ
)
,
ME =
(
1√
2
yevφ
1
2
λ`u
1√
2
y˜evφ′ ML
)
, MN =
(
0 1
2
λ`u
0 ML
)
.
(18)
Note that we did not include any mechanism to generate neutrino masses, and consequently
MN leads to three massless neutrinos and nVL heavy neutral Dirac fermions. It is never-
theless straightforward to account for neutrino masses without impacting our analysis and
conclusions by including one of the usual mechanisms, such as the standard seesaw.
In order to have a manageable parameter space and simplify the analysis we will assume
that the Yukawa couplings of φ′ can be neglected, y˜u,d,e ' 0. This can be justified by intro-
ducing a softly-broken discrete Z2 symmetry under which φ′ is odd and all the other fields
are even. We take the Dirac masses of the vector-like fermions to be generically around the
symmetry breaking scale u ∼ TeV.
The fermion mass matrices can be block-diagonalized perturbatively in the small ratio
 = v/u 1 by means of the following field transformations
UL → V †QV †u UL , UR → W †u UR ,
DL → V †QV †d DL , DR → W †d DR ,
EL → V †LV †e EL , ER → W †e ER ,
NL → V †L NL ,
(19)
defined in terms of the unitary matrices
VQ,L =
 V 11Q,L =
√
1− 1
4
λq,`M˜
−2
Q,Lλ
†
q,` V
12
Q,L = −u2V 11Q,Lλq,`M−1Q,L
V 21Q,L =
1
2
M˜−1Q,Lλ
†
q,` V
22
Q,L =
1
u
M˜−1Q,LM
†
Q,L
 , (20)
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Vf = 1 + i
2HfV + . . . ; Wf = 1 + iH
f
W +
(i)2
2
HfW
2 + . . . (21)
Here the freedom in the definition of V 11Q,L is removed by choosing it to be hermitian. Fur-
thermore, u M˜Q,L is the physical vector-like mass at leading order in ,
M˜Q,L =
√
M †Q,LMQ,L
u2
+
λ†q,`λq,`
4
' diag
(
M˜Q1,L1 , . . . , M˜QnVL ,LnVL
)
, (22)
and the matrices HfV and H
f
W are given by
HfV =
i
2
 0 V 11F yfy†fV 21†F M˜−2F
−M˜−2F V 21F yfy†fV 11F 0
 , (23)
HfW =
i√
2
 0 y†fV 21†F M˜−1F
−M˜−1F V 21F yf 0
 , (24)
with F = Q,L and f = u, d, e. After the block-diagonalization, a further diagonalization of
the SM fermion block can be done by means of the 3× 3 unitary transformations
uL → S†uuL , uR → U †u uR ,
dL → S†d dL , dR → U †d dR ,
eL → S†e eL , eR → U †e eR .
(25)
As in the SM, only one combination of these transformations appears in the gauge couplings:
the CKM matrix, VCKM = SuS
†
d.
3.2 Vector boson masses and gauge mixing
Neutral gauge bosons
The neutral gauge bosons mass matrix in the basis V0 = (W 13 ,W 23 , B) is given by:
M2V0 =
1
4
 g21
(
v2φ′ + u
2
) −g1g2u2 −g1g′v2φ′
−g1g2u2 g22
(
v2φ + u
2
) −g2g′v2φ
−g1g′v2φ′ −g2g′v2φ g′2
(
v2φ + v
2
φ′
)
 . (26)
This matrix has one vanishing eigenvalue, corresponding to the photon and two massive
eigenstates which are identified with the Z and Z ′ bosons. Before fully diagonalizing this
mass matrix we consider first the rotation from (W 13 , W
2
3 ) to (Zh, W3), withW3 the electrically
neutral SU(2)L gauge boson. In order to do this we have to study the first symmetry breaking
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step, i.e. u 6= 0 and v = 0, diagonalize the top-left 2× 2 block and identify the massless state
with W3 (the SU(2)L group remains unbroken in the first step). As a result we get:
Zh =
1
n1
(
g1W
1
3 − g2W 23
)
, W3 =
1
n1
(
g2W
1
3 + g1W
2
3
)
, (27)
with n1 =
√
g21 + g
2
2 and the gauge coupling of SU(2)L taking the value g = g1g2/n1. In the
(Zh, W3, B) basis, the rotation from (W3, B) to (Zl, A) is just like in the SM and we obtain:
Zl =
1
n2
(gW3 − g′B) , A = 1
n2
(g′W3 + g B) , (28)
where n2 =
√
g2 + g′ 2 and the weak angle is defined as usual: sˆW = g′/n2 and cˆW = g/n2.
We are now in condition to write the neutral gauge boson mass matrix in the (Zh, Zl, A) basis
where it takes the form:
M2V0 =
1
4

(g21 + g
2
2)u
2 +
g2g22
g21
v2
(
s2β +
g41
g42
c2β
)
−g n2 g2g1 v2
(
s2β − g
2
1
g22
c2β
)
0
−g n2 g2g1 v2
(
s2β − g
2
1
g22
c2β
)
(g2 + g′ 2) v2 0
0 0 0
 . (29)
We see from this mass matrix that in the particular limit v = 0, only Zh gets a mass MZ′ =
1
4
(g21 + g
2
2)u
2, which is expected since SU(2)L × U(1)Y remains unbroken in that case. More-
over, we can extract the Zl −Zh mixing. The mass eigenvectors (Z ′, Z) are given, in terms of
(Zh, Zl), by:
Z ′ = cos ξZ Zh − sin ξZ Zl , Z = sin ξZ Zh + cos ξZ Zl , (30)
with the mixing suppressed by the ratio  ≡ v/u,
ξZ ' g n2
n21
g2
g1
2
(
s2β −
g21
g22
c2β
)
=
g
n2
g2
g1
M2Z
M2Z′
(
s2β −
g21
g22
c2β
)
. (31)
We define the parameter controlling the mixing as
ζ = s2β −
g21
g22
c2β . (32)
In the limit ζ → 0, the SU(2)L sub-group corresponds to the diagonal subgroup of the original
SU(2) product and gauge mixing vanishes. As anticipated in Section 2, ζ → 0 corresponds to
the limit tan β → g1/g2.
Finally, the masses of the neutral massive vector bosons are given by
M2Z′ '
1
4
(
g21 + g
2
2
)
u2 , M2Z '
1
4
(
g2 + g′ 2
)
v2 . (33)
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Charged gauge bosons
In the basis V+ = (W 112,W 212), with W r12 = 1√2 (W r1 − iW r2 ), the charged gauge boson mass
matrix is given by
M2V+ =
1
4
(
g21
(
v2φ′ + u
2
) −g1g2u2
−g1g2u2 g22
(
v2φ + u
2
) ) . (34)
As before, it is convenient to work in the basis (Wh, Wl) where the SU(2)L gauge boson
appears explicitly. To obtain this basis in terms of the original one, we set v = 0, diagonalize
the mass matrix and associate the null eigenvalue to Wl (SU(2)L remains unbroken in the
first stage of symmetry breaking). We get:
Wh =
1
n1
(
g1W
1 − g2W 2
)
, Wl =
1
n1
(
g2W
1 + g1W
2
)
. (35)
In the basis (Wh, Wl) the mass matrix reads:
M2V+ =
1
4
(g21 + g22)u2 + g2g22g21 v2
(
s2β +
g41
g42
c2β
)
−g2 g2
g1
v2
(
s2β − g
2
1
g22
c2β
)
−g2 g2
g1
v2
(
s2β − g
2
1
g22
c2β
)
g2v2
 . (36)
The Wl −Wh mixing presents the same structure as in the neutral gauge boson sector and
reads:
ξW ' ζ g
2
n21
g2
g1
2 = ζ
g2
g1
M2W
M2W ′
, (37)
such that the physical eigenstates are given by:
W ′ = cos ξW Wh − sin ξW Wl , W = sin ξW Wh + cos ξW Wl , (38)
with masses
M2W ′ 'M2Z′ '
1
4
(
g21 + g
2
2
)
u2 , M2W '
1
4
g2v2 . (39)
3.3 Gauge boson couplings to fermions
Neutral currents
The neutral currents of the fermions are given by
LNC = ψγµ
(
g′BµY + g1W
1µ
3 T
1
3 + g2W
2µ
3 T
2
3
)
ψ
= ψγµ
{
eQψ A
µ +
g
cW
Zµl [(T
1
3 + T
2
3 )− s2W Qψ] + gZµh
[
g1
g2
T 13 −
g2
g1
T 23
]}
ψ,
(40)
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with ψ = U ,D, E ,N , and e = gg′/n2 and Qψ denoting the electric coupling and the electric
charge of the fermions, respectively. Applying the transformations in Eqs. (19) and (25) we
can easily translate the above interactions to the fermion mass eigenbasis
LNC → LNC = Aµ ψγµ eQψψ + g
cW
Zµl
{
ψγµ
[
(T 13 + T
2
3 )PL − s2WQ
]
ψ
− 1
2
(DR γµOddR DR − UR γµOuuR UR + ER γµOeeR ER −NR γµNR)}
+
gˆ
2
Zµh
[
DL γµOQL DL − UL γµ V OQLV † UL + EL γµOLL EL −NL γµOLLNL
− g
2
1
g22
(DR γµOddR DR − UR γµOuuR UR + ER γµOeeR ER −NR γµNR) ]
+O
(
m2f
u2
)
.
(41)
Here mf denotes the mass of a SM fermion with f = u, d, e, and we introduced the following
definitions:
OQ,LL ≡
(
∆q,` Σ
Σ† ΩQ,L
)
= 1− g
2
1 + g
2
2
g22
(
V 12Q,L(V
12
Q,L)
† V 12Q,L(V
22
Q,L)
†
V 22Q,L(V
12
Q,L)
† V 22Q,L(V
22
Q,L)
†
)
, (42)
Off
′
R ≡
(
0 Σˆf(
Σˆf
′)†
1
)
=
(
0 −mf
u
(
V 11F
)−1(
V 21F
)†
M˜−1F
−M˜−1F V 21F
(
V 11F
)−1mf ′
u
1
)
, (43)
V =
(
VCKM 0
0 1
)
, (44)
with F = Q,L, and finally gˆ ≡ gg2/g1.
Charged currents
Similarly, the charged currents take the following form
LCC = g1√
2
W 1µ
[
UγµD +NγµE
]
+
g2√
2
W 2µ [uγ
µ PL d+ νγ
µ PL e] + h.c.
=
g√
2
W µl
[UγµPLD +NγµPLE + UγµPRD +NγµPRE]
− g√
2
W µh
[
g2
g1
(uγµPLd+ νγµPLe)− g1
g2
(
UγµD +NγµE
)]
+ h.c. ,
(45)
and, in the fermion mass eigenbasis (see Eqs. (19) and (25)), we have
LCC → LCC = g√
2
W µl
[UL γµ VDL +NL γµ EL + UR γµOudR DR +NR γµOνeR ER]
− gˆ√
2
W µh
[
UL γµ V OQL DL +NL γµOLL EL −
g21
g22
(UR γµOudR DR +NR γµOνeR ER)]
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+ h.c.+O
(
m2f
u2
)
. (46)
Flavour textures for the gauge interactions
In order to accommodate the hints of lepton universality violation from the recent anomalies
in B decays without being in tension with other bounds, we require negligible couplings of
the new gauge bosons to the first family of SM-like leptons and a large universality violation
among the other two. We now derive the conditions on the number of generations of the
exotic fermions to accommodate such constraints.
Using Eqs. (42) and (20), the matrix ∆q,`, that parametrize NP contributions to the left-
handed gauge interactions with SM fermions, can be readily written in the following form
∆q,` = 1− g
2
1 + g
2
2
4g22
λq,`M˜
−2λ†q,` , (47)
where the second term is the source of lepton non-universality induced by the mixings be-
tween the SM and vector-like fermions generated by the λq,` Yukawa couplings. On the other
hand, right-handed couplings involving SM fermions, controlled by Off
′
R , are mass suppressed
and they can be neglected for the interactions we are considering.
If we consider the minimal scenario with nVL = 1, the Yukawa couplings λq,` can be written
generically as
λq,` =
2g2
n1
M˜Q,L
∆d,e∆s,µ
∆b,τ
 . (48)
Here ∆d,e, ∆s,b and ∆µ,τ are free real parameters, and without loss of generality we have
chosen an appropriate normalization factor to simplify the expression of ∆q,`. We have also
ignored possible complex phases in the couplings since we are not interested in CP violating
observables. From Eq. (47) it is then clear that, for nVL = 1, NP contributions to the left-
handed gauge couplings to SM fermions are given by
∆q,`nVL=1 =
1− (∆d,e)
2 ∆d,e∆s,µ ∆d,e∆b,τ
∆d,e∆s,µ 1− (∆s,µ)2 ∆s,µ∆b,τ
∆d,e∆b,τ ∆s,µ∆b,τ 1− (∆b,τ )2
 . (49)
As we can see, in the limit of no gauge boson mixing, NP contributions to the first family
of SM fermions can only be suppressed if we fix ∆d,e ' 1 and ∆s,µ, ∆b,τ  1 which then
implies approximate universal couplings for the second and the third families. Hence, we
need at least two generations of vector-like fermions in order to have enough freedom to
accommodate the observed hints of lepton universality violation.
In the rest of this article we will take the minimal setup consisting of nVL = 2 since there
is no compelling reason to assume additional vector-like generations. Moreover, in order to
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reduce the number of free parameters in the analysis we choose the following texture for the
Yukawa matrices λq,`:
λq,` =
2g2
n1
M˜Q1,L1 00 M˜Q2,L2 ∆s,µ
0 M˜Q2,L2 ∆b,τ
 , (50)
where, again, ∆s,b and ∆µ,τ are free real parameters and the normalization factor is chosen
for convenience.2 The left-handed currents, parametrized in terms of OQ,LL (see Eq. (42))
now read
∆q,` =
0 0 00 1− (∆s,µ)2 ∆s,µ∆b,τ
0 ∆s,µ∆b,τ 1− (∆b,τ )2
 , (51)
Σ =

g1
g2
0
0 ∆s,µ
√
n21
g22
−∆2s,µ −∆2b,τ
0 ∆b,τ
√
n21
g22
−∆2s,µ −∆2b,τ
 , (52)
ΩQ,L =
(
1− g21
g22
0
0 ∆2s,µ + ∆
2
b,τ − g
2
1
g22
)
, (53)
which, by construction, provide the desired patterns for the NP contributions to accommo-
date the data.
4 Flavour constraints
We consider in our analysis flavour observables receiving new physics contributions at tree-
level from the exchange of the massive vector bosons. Additionally, we consider bounds from
electroweak precision measurements at the Z and W pole which are affected in our model
due to gauge mixing effects.
Regarding electroweak precision observables at the Z and W pole, we use the fit to Z- and
W -pole observables performed in Ref. [84]. The fit includes the observables listed in Tables 1
and 2 of [84], and provides mean values, standard deviations and the correlation matrix for
the following parameters: the correction to the W mass (δm), anomalous W and Z couplings
to leptons (δgW`iL , δg
Z`i
L,R) and anomalous Z couplings to quarks (δg
Zui
L,R, δg
Zdi
L,R). The results for
these “pseudo-observables” can be found in Eqs. (4.5-4.8) and Appendix B of Ref. [84]. The
relevant expressions for these pseudo-observables within our model are given in Appendix B.
2Note however that the free parameters have to satisfy the condition (1 − g2/g22)(∆2s,µ + ∆2b,τ ) ≤ 1 for
consistency with Eq. (22).
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We collect the list of flavour observables included in our analysis in Table 2 and describe
them in more detail in the following subsections.
4.1 Leptonic Tau decays
Leptonic tau decays pose very stringent constraints on lepton flavour universality [85]. We
consider the two decay rates Γ(τ → {e, µ}νν¯), normalized to the muon decay rate to cancel
the dependence on GF . We take the individual experimental branching ratios and lifetimes
from the PDG [86]. For the branching ratios we take the result of the constrained fit, which
gives a correlation of 14% between both measurements. Once normalized to the τ lifetime,
the decay rates have a correlation of 45%, while the normalization to the muon decay rate
has a minor impact on the correlation of the ratios because its uncertainty is negligible. The
experimental results are summarized in Table 2.
In our model, we have:
Γ(τ → eνν¯)
Γ(µ→ eνν¯) =
∑
i,j |Ceτij |2∑
i,j |Ceµij |2
× m
5
τ f(xeτ )
m5µ f(xeµ)
, (54)
Γ(τ → µνν¯)
Γ(µ→ eνν¯) =
∑
i,j |Cµτij |2∑
i,j |Ceµij |2
× m
5
τ f(xµτ )
m5µ f(xeµ)
, (55)
where x``′ = m2`/m
2
`′ and f(x) = 1 − 8x + 8x3 − x4 − 12x2 lnx. The Wilson coefficients C`a`bij
are given by
C`a`bij =
4GF√
2
δajδib +
gˆ2
4M2W ′
[
2∆`aj∆
`
ib −∆`ab∆`ij + ζ(∆`abδij + 2∆`ajδib + 2δaj∆`ib)
]
. (56)
The resulting predictions in the SM can be found in Table 2. Leading radiative corrections
and W -boson propagator effects are included in the SM predictions [87–90].
4.2 d→ u transitions
We consider the decay rates Γ(pi → µν) and Γ(τ → piν), normalized to Γ(pi → eν) in order
to cancel the dependence on the combination GF |Vud|fpi. These ratios constitute important
constraints on flavour non-universality in d→ u`ν transitions.
We calculate the experimental values for these ratios taking the averages for branching
fractions and lifetimes from the PDG [86], and imposing the constraint B(pi → eν) + B(pi →
µν) = 1. We find a correlation of 49% between both ratios. The corresponding results are
summarized in Table 2.
The model predictions for these ratios are:
Γ(pi → µν¯)
Γ(pi → eν¯) =
∑
j |Cud2j |2∑
j |Cud1j |2
×
[
Γ(pi → µν¯)
Γ(pi → eν¯)
]
SM
, (57)
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Leptonic τ decays
Observable Experiment Correlation SM Theory
Γτ→eνν¯/Γµ→eνν¯ 1.350(4) · 106 0.45 1.3456(5) · 10
6 Eq. 54
Γτ→µνν¯/Γµ→eνν¯ 1.320(4) · 106 1.3087(5) · 106 Eq. 55
d→ u transitions
Observable Experiment Correlation SM Theory
Γpi→µν/Γpi→eν 8.13(3) · 103 0.49 8.096(1) · 10
3 Eq. 57
Γτ→piν/Γpi→eν 7.90(5) · 107 7.91(1) · 107 Eq. 58
s→ u transitions
Observable Experiment Correlation SM Theory
ΓK→µν/ΓK→eν 4.02(2) · 104
 · · ·0.27 · ·
0.01 0.00 ·
 4.037(2) · 104 Eq. 62Γτ→Kν/ΓK→eν 1.89(3) · 107 1.939(4) · 107 Eq. 63
ΓK+→piµν/ΓK+→pieν 0.660(3) 0.663(2) Eq. 64
c→ s transitions
Observable Experiment SM Theory
ΓD→Kµν/ΓD→Keν 0.95(5) (S = 1.3) 0.921(1) Eq. 66
ΓDs→τν/ΓDs→µν 10.0(6) 9.6(1) Eq. 67
b→ s transitions
Observable Experiment SM Theory
∆Ms/∆Md 35.13(15) 31.2(1.8) Eq. 68
Coefficient Fit [16] Correlation SM Theory
CNP9µ −1.1(0.2)

· · · ·
−0.08 · · ·
0.10 −0.10 · ·
0.02 0.02 0.87 ·

0. Eq. 72
CNP10µ +0.3(0.2) 0. Eq. 72
CNP9e −0.3(1.7) 0. Eq. 72
CNP10e +0.6(1.6) 0. Eq. 72
b→ c transitions
Observable Experiment Correlation SM Theory
ΓB→Dµν¯/ΓB→Deν¯ 0.95(09) +0.51
0.995(1) Eq. 73
ΓB→D∗µν¯/ΓB→D∗eν¯ 0.97(08) 0.996(1) Eq. 73
R(D) 0.397(49) −0.21 0.297(17) Eq. 74
R(D∗) 0.316(19) 0.252(3) Eq. 74
ΓB→Xcτν/ΓB→Xceν 0.222(22) 0.223(5) Eq. 75
Table 2: List of flavour observables used in the fit.
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Γ(τ → piν)
Γ(pi → eν¯) =
∑
j |Cud3j |2∑
j |Cud1j |2
×
[
Γ(τ → piν)
Γ(pi → eν¯)
]
SM
, (58)
where the Wilson coefficients Cuidjab are given by
Cuidjab =
4GF√
2
Vijδab +
gˆ2
2M2W ′
[
(V∆q)ij∆
`
ab − ζ
(
Vij∆
`
ab + (V∆
q)ijδab
)]
. (59)
For the SM contributions we follow Ref. [85]. We have:[
Γ(pi → eν¯)
Γ(pi → µν¯)
]
SM
=
m2e
m2µ
[
1−m2e/m2pi
1−m2µ/m2pi
]2
(1 + δRpi→e/µ) , (60)
[
Γ(τ → piν)
Γ(pi → µν)
]
SM
=
m3τ
2mpim2µ
[
1−m2pi/m2τ
1−m2µ/m2P
]2
(1 + δRτ/pi) . (61)
The calculation of δRpi→e/µ relies on Chiral Perturbation Theory to order O(e2p2) [91]. The
radiative correction factor δRτ/pi can be found in Ref. [92]. The SM predictions for both ratios
are collected in Table 2.
4.3 s→ u transitions
We consider the decay rates Γ(K → µν) and Γ(τ → Kν), normalized to Γ(K → eν) in order
to cancel the dependence on the combination GF |Vus|fK , as well as the semileptonic (K`3)
ratio Γ(K+ → pi0µ+ν)/Γ(K+ → pi0e+ν). These ratios pose also important constraints on
flavour non-universality.
We take the experimental values for the decay rates Γ(K+ → µ+ν), Γ(K+ → pi0e+ν)
and Γ(K+ → pi0µ+ν) from the constrained fit to K+ decay data done by the PDG [86],
including the correlation matrix. The correlation between Γ(K+ → µ+ν) and Γ(K+ → e+ν)
is calculated comparing the averages for the individual rates with the ratio given by the PDG,
resulting in a correlation of 60%. Assuming no correlation between Γ(K+ → e+ν) and the
semileptonic modes, and assuming that the τ mode is uncorrelated to the K modes, we
construct a 5× 5 correlation matrix and calculate the three ratios of interest, including their
3× 3 correlation matrix. These results are collected in Table 2.
The model predictions for these ratios are:
Γ(K → µν¯)
Γ(K → eν¯) =
∑
j |Cus2j |2∑
j |Cus1j |2
×
[
Γ(K → µν¯)
Γ(K → eν¯)
]
SM
, (62)
Γ(τ → Kν)
Γ(K → eν¯) =
∑
j |Cus3j |2∑
j |Cus1j |2
×
[
Γ(τ → Kν)
Γ(K → eν¯)
]
SM
, (63)
Γ(K+ → piµν¯)
Γ(K+ → pieν¯) =
∑
j |Cus2j |2∑
j |Cus1j |2
×
[
Γ(K+ → piµν¯)
Γ(K+ → pieν¯)
]
SM
, (64)
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with the Wilson coefficients Cusij given in Eq. (59). The SM contributions for the first two
ratios are given by the analogous expressions to Eqs. (60,61) [91,92]. The SM contributions
to K`3 are given by [93,94]
Γ(K+ → piµν¯)
Γ(K+ → pieν¯) =
I
(0)
Kµ(λi)
(
1 + δKµEM + δ
Kpi
SU(2)
)
I
(0)
Ke(λi)
(
1 + δKeEM + δ
Kpi
SU(2)
) , (65)
where quantities I(0)K`(λi), δ
K`
EM, δ
Kpi
SU(2) encoding phase-space factors, electromagnetic and isospin
corrections can be found in Refs. [93–95]. The numerical results for the SM contributions
are collected in Table 2.
4.4 c→ s transitions
We consider the ratios Γ(D → Kµν)/Γ(D → Keν) and Γ(Ds → τν)/Γ(Ds → µν), constrain-
ing respectively µ− e and τ − µ non-universality.
For D → K`ν, we consider charged and neutral modes separately. For D+ → K¯0`+ν we
take the separate branching ratios from the PDG assuming no correlation. For D0 → K−`+ν
we take the results from the PDG constrained fit, including the 5% correlation. We construct
the D+ and D0 ratios separately, obtaining Γ(D+ → K¯0µ+ν)/Γ(D+ → K¯0e+ν) = 1.05(9) and
Γ(D0 → K−µ+ν)/Γ(D0 → K−e+ν) = 0.93(4). These two ratios, corresponding to the same
theoretical quantity (isospin-breaking effects are neglected here), are combined according
to the PDG averaging prescription. Since there is a ∼ 1σ tension between both results, we
rescale the error by the factor S = 1.3.
For Ds → `ν we take the individual branching fractions from the PDG, assuming no
correlation. The resulting experimental numbers for both ratios are collected in Table 2.
The model predictions for these ratios are:
Γ(D → Kµν¯)
Γ(D → Keν¯) =
∑
j |Ccs2j |2∑
j |Ccs1j |2
×
[
Γ(D → Kµν¯)
Γ(D → Keν¯)
]
SM
, (66)
Γ(Ds → τ ν¯)
Γ(Ds → µν¯) =
∑
j |Ccs3j |2∑
j |Ccs2j |2
×
[
Γ(Ds → τ ν¯)
Γ(Ds → µν¯)
]
SM
, (67)
with the Wilson coefficients Ccsij given in Eq. (59).
Our SM prediction for the leptonic decay modes includes electromagnetic corrections fol-
lowing [96]. For the SM prediction of the semileptonic modes we use the BESIII determina-
tion of the form factor parameters in the simple pole scheme as quoted in HFAG [5]. The
resulting SM predictions are given in Table 2.
4.5 b→ s transitions
We consider here b → s transitions that are loop-mediated in the SM but receive NP con-
tributions at tree-level in our model (via Z ′ and Z with anomalous couplings). To the level
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of precision we are working, the normalization factors in the SM amplitude (GF and CKM
elements) can be taken from tree-level determinations within the SM, and it is not necessary
in this case to consider only ratios where these cancel out.
Mass difference in the Bs system
The observable ∆Ms constitutes a strong constraint on the Z ′sb coupling, independent of the
coupling to leptons. In order to minimize the uncertainty from hadronic matrix elements, we
consider the ratio ∆Ms/∆Md. We note that within our model set-up, ∆Md does not receive
NP contributions at tree-level.
The experimental value for the ratio is obtained from the individual measurements for
∆Md,s, which are known to subpercent precision [5]. The result is given in Table 2.
The theory prediction is given by:
∆Ms
∆Md
=
MBs
MBd
ξ2
∣∣∣∣CsbCdb
∣∣∣∣ = MBsMBd ξ2
∣∣∣∣V 2tsV 2td + C
NP
sb
CSMdb
∣∣∣∣ , (68)
where the Wilson coefficients Cdib = CSMdib + CNPdib are given by
CSMdib =
G2FM
2
W
4pi2
(VtiV
?
tb)
2S0(xt) , CNPdib =
gˆ2
8M2W ′
(∆qi3)
2 . (69)
Here S0(xt) = 2.322 ± 0.018 is the loop function in the SM [97]. The parameter ξ2 =
f 2BsB
(1)
Bs
/f 2BdB
(1)
Bd
is a ratio of decay constants and matrix elements determined from lattice
QCD. We consider the latest determination of the parameter ξ from the FNAL/MILC collabo-
rations [98]: ξ = 1.206(18)(6). The SM prediction is given by the first term in Eq. (68) and
results in (∆Ms/∆Md)SM = 31.2(1.8).
b→ s`` observables
We consider all b→ s`` observables used in the fit of Ref. [16]:
• Branching ratios for B → Xsµ+µ− and Bs → µ+µ− [99–103].
• Branching ratios for B → Ke+e− (in the bin [1, 6] GeV2) and B → Kµ+µ− (both at low
and high q2) [6,104].
• Branching ratios, longitudinal polarization fractions and optimized angular observ-
ables [105–107] for B → K∗e+e− (at very low q2) and B → K∗µ+µ−, Bs → φµ+µ−
(both at low and high q2) [108–114].
Definitions, theoretical expressions and discussions on theoretical uncertainties can be found
in Refs. [16, 107]. We follow the approach of Ref. [19] for B → V form factors, and take
into account the lifetime effect for Bs measurements at hadronic machines [115] for Bs →
µµ [116] and Bs → φµµ [117] decays.
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We implement the fit in two different ways. First, we construct the full χ2 as a function
of the model parameters, including all theoretical and experimental correlations, exactly as
in Ref. [16].3 Second, in order to provide simplified expressions to allow the reader to repeat
the fit without too much work, we perform a global fit to the relevant coefficients of the
effective weak Hamiltonian
Heff ⊃ −4GF√
2
α
4pi
V ∗tsVtb
∑
i=9,10
[Ci`Q`i + C ′i`Q′`i ] , (70)
with
Q`9 = (s¯γαPLb)(
¯`γα`) , Q′`9 = (s¯γαPRb)(¯`γ
α`) ,
Q`10 = (s¯γαPLb)(
¯`γαγ5`) , Q
′`
10 = (s¯γαPRb)(
¯`γαγ5`) .
(71)
We consider those coefficients receiving non-negligible NP contributions within our model,
i.e. (C9µ, C10µ, C9e, C10e), and provide the best fit points, standard deviations and correlation
matrix.4 These are collected in Table 2. The NP contributions to the Wilson coefficients
(Ci` = CSMi` + CNPi` ) are
CNP9a = −
√
2
GF
pi
α
1
VtbV ∗ts
gˆ2
8M2W ′
(∆q)bs
[
(∆`)aa + ζ
(
4s2W − 1
)]
,
CNP10a =
√
2
GF
pi
α
1
VtbV ∗ts
gˆ2
8M2W ′
(∆q)bs
[
(∆`)aa − ζ
]
.
(72)
Using these four coefficients as “pseudo observables” and constructing the χ2 function leads
to a linearised approximation to the fit. We have checked that the result of such a fit is in
reasonable agreement with the full fit.
4.6 b→ c transitions
We consider the exclusive ratios R(D(∗)) ≡ Γ(B → D(∗)τ ν¯)/Γ(B → D(∗)`ν¯), and the inclusive
ratio R(Xc) ≡ Γ(B → Xcτ ν¯)/Γ(B → Xc`ν¯) as measures of flavour non-universality between
the τ and the light leptons, as well as the ratios Γ(B → D(∗)µν¯)/Γ(B → D(∗)eν¯) constraining
e− µ non-universality.
The experimental value for the inclusive ratioR(Xc) is obtained from the PDG averages for
Br(b¯ → Xτ+ν) and Br(b¯ → Xe+ν). The allowed size of lepton flavour universality violating
effects in b → c`ν (` = e, µ) transitions is not trivial to account for given that experimental
analyses tend to present combined results for the electron and muon data samples. This
aspect was also stressed in Ref. [81]. Experimental results are however reported separately
for the e and µ samples in an analysis performed by the BaBar collaboration [118]. We
3 The fit in Ref. [16] includes b→ sγ observables. These observables are not included in our fit.
4Contributions to the primed operators Q′9,10 are found to be negligible since the right-handed flavour chang-
ing Z(′) couplings to down-type quarks are suppressed by m2f/u
2, see Section 3.
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use the values of Br(B → D(∗)`ν¯) reported in Table IV of Ref. [118] to extract the ratios
Γ(B → D(∗)µν¯)/Γ(B → D(∗)eν¯). The correlation between the two ratios is estimated from the
information provided in [118], adding the covariance for the systematic and statistical errors.
For the experimental values of R(D) and R(D∗) we consider the latest HFAG average [5]. The
latter includes R(D) and R(D∗) measurements performed by BaBar and Belle [119,120], the
LHCb measurement of R(D∗) [121], and the independent Belle measurement of R(D∗) using
a semileptonic tagging method [122].5 The results are summarized in Table 2.
The model expressions for these ratios are:
Γ(B− → D(∗)µν¯)
Γ(B− → D(∗)eν¯) =
∑
j |Ccb2j|2∑
j |Ccb1j|2
×
[
Γ(B− → D(∗)µν¯)
Γ(B− → D(∗)eν¯)
]
SM
, (73)
R(D(∗)) =
2 (
∑
j |Ccb3j|2)∑
j(|Ccb1j|2 + |Ccb2j|2)
×R(D(∗))SM , (74)
R(Xc) =
∑
j |Ccb3j|2∑
j |Ccb1j|2
×R(Xc)SM , (75)
where the Wilson coefficients Ccbij are given in Eq. (59). We use the SM predictions of R(D)
and R(D∗) obtained in Refs. [124, 125]. Note that recent determinations of R(D) in Lattice
QCD are compatible with the one used here [126,127]. For R(Xc) we use the SM prediction
reported in Ref. [128]. For the ratios Γ(B− → D(∗)µν¯)/Γ(B− → D(∗)eν¯) we derive the SM
predictions using the Caprini-Lellouch-Neubert parametrization of the form factors [129],
with the relevant parameters taken from HFAG [5]. The resulting SM predictions are given
in Table 2.
4.7 Lepton Flavour Violation
We consider current limits on the lepton flavour violating decays τ → 3µ and Z → τµ.
The decay Z → τµ occurs due to gauge mixing effects. The decay rate for Z → τµ ≡
(τ+µ− + τ−µ+) is
Γ (Z → τµ) = MZ
48pi
(
ζ n2
g42
n41
∆µ∆τ 
2
)2
. (76)
We use the limit Br(Z → τµ) < 1.2× 10−5 [86].
The decay τ → 3µ receives tree-level contributions from Z(′) exchange, the decay rate is
given by
Γ (τ → 3µ) = [2 (C
τµ
LL)
2 + (CτµLR)2]m5τ
1536pi3
, (77)
5New results for R(D∗) and the tau polarization asymmetry in B → D∗τν decays (Pτ ) using a hadronic
tag have been presented by the Belle collaboration in Ref. [123]. The reported measurements are R(D∗) =
0.276±0.034+0.029−0.026 and Pτ = −0.44±0.47+0.20−0.17 [123]. These measurements are not included in our analysis but
would have a negligible impact if added given that the weighted average for R(D∗) remains basically the same
and the experimental uncertainty in Pτ is still very large. Note that the measured tau polarization asymmetry
is well compatible with the SM prediction Pτ = −0.502+0.006−0.005 ± 0.017 [25].
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where the Wilson coefficients CτµLL and CτµLR are given by
C`a`bLL =
gˆ2
4M2W ′
∆`ab
[
∆`bb + ζ
(
2s2W − 1
)]
,
C`a`bLR =
gˆ2
2M2W ′
ζ ∆`ab s
2
W .
(78)
We use the HFAG limit Br(τ → 3µ) < 1.2× 10−8 [5].
5 Global fit
5.1 Fitting procedure
We first fix the values of g, g′ and the electroweak vev v with the values of {GF , α,MZ}
reported in Table 3. The SU(2)1 gauge coupling g1 is then determined as a function of g2. The
observables considered will depend on seven model parameters:
MZ′ : The Z ′ mass, note that MW ′ 'MZ′ ,
g2 : The SU(2)2 gauge coupling ,
ζ : Controls the size of gauge mixing effects, see Eq. (32) ,
∆s,∆b,∆µ,∆τ : Determine the gauge couplings to fermions, see Eq. (51) .
The observables will also depend on the CKM inputs {λ,A, ρ¯, η¯}. We construct a global χ2
function that includes information from electroweak precision data at the Z and W poles
together with flavour data. It reads
χ2 ≡ (O −Oexp)TΣ−1(O −Oexp) +
∑
x=λ,A,ρ¯,η¯
(x− xˆ)2
σ2±
, (79)
with Σ being the covariance matrix, O denoting the observables included in the analysis and
Oexp the corresponding experimental mean values. These are described in Section 4. The
CKM inputs {λ,A, ρ¯, η¯} are included as pseudo-observables in the fit taking into account the
values in Table 3.6 The latter are reported in the form xˆ+σ+−σ−. In the χ
2 we introduce the
asymmetric error: σ± = σ+ (for x > xˆ) and σ± = σ− (for x < xˆ).
The global fit takes into account then seven model parameters {MZ′ , g2,∆s,∆b,∆µ,∆τ , ζ}
and four CKM quantities {λ,A, ρ¯, η¯}. To sample the 11-dimensional parameter space we use
the affine invariant Markov chain Monte Carlo ensemble sampler emcee [131].
6These CKM inputs are obtained from a fit by the CKMFITTER group with only tree-level processes [130], as
used in Ref. [98].
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λ = 0.22541(+30−21) [130] A = 0.8212(
+66
−338) [130]
ρ¯ = 0.132(+21−21) [130] η¯ = 0.383(
+22
−22) [130]
GF = 1.16638(1)× 10−5 GeV−2 [86] MZ = 91.1876(21) GeV [86]
α = 1/137.036 [86]
Table 3: Electroweak and CKM inputs.
5.2 Results of the fit
We restrict the parameter space to 500 GeV ≤ MZ′ ≤ 3000 GeV, g < g2 <
√
4pi, |∆a| ≤ 3 and
0 ≤ ζ ≤ 1. The minimum of the χ2 is found to be at
{MZ′ [GeV], g2,∆s,∆b, |∆µ|, |∆τ |, ζ} = {1436, 1.04,−1.14, 0.016, 0.39, 0.075, 0.14} , (80)
with the CKM values {λ,A, ρ¯, η¯} within the 1σ range in Table 3. It is enlightening to charac-
terise the best-fit point in terms of the couplings appearing in the Lagrangian. We find that
the corresponding Yukawas are, up to a global sign,
λ` '
 −1.2 00 −0.3
0 −0.06
 × ML
TeV
, λq '
 −1.2 00 1.8
0 −0.03
 × MQ
TeV
. (81)
At the best-fit point we obtain χ2min = 54.8, to be compared with the corresponding value
in the SM-limit χ2SM = 93.7. We derive contours of ∆χ
2 ≡ χ2−χ2min in two-dimensional planes
after profiling over all the other parameters, taking ∆χ2 = 2.3 for 68% confidence level (CL)
and ∆χ2 = 6.18 for 95% CL. Allowed regions for the model parameters obtained in this way
are shown in Figure 2.
There is a four-fold degeneracy of the χ2 minimum with the sign of ∆µ,τ as no observable
in the fit is sensitive to the relative sign between ∆µ and ∆τ . The allowed values of ∆µ,τ lie
in the region |∆µ,τ | . 1. While ∆b is bounded to be very small ∼ 10−2, the allowed values
for ∆s are around −1. The negative sign obtained for the combination ∆s∆b is related to
the preference for negative values of CNP9µ by b → s`+`− data. The allowed regions for the
Wilson coefficients of b → s`+`− transitions from the global fit are shown in Figure 3. Note
that with the assumed flavour structure we have the correlation CNP10e = (4s2W − 1)CNP9e . The
relation CNP9µ = −CNP10µ on the other hand holds in our model only in the absence of gauge
mixing effects. Departures from this correlation are possible as gauge mixing effects can be
sizeable, see Figure 3 (left).
Allowed values at 68% and 95% CL for RK and R(D∗) are shown in Figure 4. The best
fit point presents a sizeable deviation from the SM in RK in the direction of the LHCb
measurement while the ratios R(D∗) are SM-like. Note that the NP scaling of R(D) is the
same as for R(D∗) because the W ′ couplings are mostly left-handed, with the right-handed
couplings suppressed by m2f/u
2. A significant enhancement of R(D(∗)) is possible within
the allowed parameter region. The model presents a positive correlation between RK and
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Figure 2: Allowed regions for the model parameters at 68% and 95% CL from the global fit. The best fit
point is illustrated with a star.
R(D(∗)) so that RK is above its best-fit value whenever R(D(∗)) gets enhanced. The ratios
Γ(B → D(∗)µν)/Γ(B → D(∗)eν) are found to be SM-like with possible deviations only at the
∼ 1% level. As expected, R(Xc) and R(D(∗)) show a strong correlation, in the region of the
parameter space where R(D(∗)) accommodates the current experimental values one obtains
a slight tension in R(Xc) with experiment. The flavour observables with light-mesons and
leptonic τ -decays are found to be in good agreement with the SM and experiment, we show
the resulting allowed values for K → µν/K → eν and τ → µνν¯/µ → eνν¯ as an example in
Figure 4.
As noted in Ref. [4], gauge mixing effects play a crucial role in the possible enhancement
of R(D(∗)) in this model. In Figure 4 we also show the results of the global fit for R(D∗)
as a function of the parameter controlling the size of gauge mixing effects ζ. Having an
enhancement of R(D∗) of order ∼ 20% as suggested by the experimental measurements is
only possible for ζ  1. The situation is very different for RK , with the parameter ζ playing
no major role in this case as shown in Figure 4. We find that the allowed points from the
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Figure 3: Allowed regions at 68% and 95% CL from the global fit for the Wilson coefficients of b→ s`+`−
transitions. The best fit point is illustrated with a star. The red line on the left plot illustrates the correlation
CNP9µ = −CNP10µ.
global fit accommodating both RK and R(D(∗)) within 2σ lie within a very restricted region:
MZ′ ∈ [500, 1710] GeV , g2 ∈ [1.2, 3.5] , ∆s ∈ [−1.16,−0.97] , ∆b ∈ [0.003, 0.007] ,
|∆µ| ∈ [0.94, 0.99] , |∆τ | ∈ [0, 0.11] , ζ ∈ [0, 0.02] . (82)
The Z ′ mass and the SU(2)2 gauge coupling g2 are positively correlated, going from g2 ∼ 1
for MZ′ ∼ 500 GeV up to the perturbativity limit g2 ≤
√
4pi for MZ′ ∼ 1700 GeV. A limit on
tan β can be derived in this region using Eq. (32), we get tan β ∈ [0.2, 0.65]. Similarly, in this
region the SU(2)1 gauge coupling satisfies 0.66 ≤ g1 ≤ 0.78 and the combination gˆ = gg2/g1
is found to be within 1 ≤ gˆ ≤ 3.4. Note that the Z ′ and W ′ interactions with the SM fermions
are proportional to 1 − ∆2a, see Eq. (51). In the parameter space region where both RK
and R(D(∗)) are accommodated within 2σ, the massive gauge bosons, Z ′ and W ′, couple
predominantly to the third fermion generation.
6 Predictions
In the following we take the current measured values of RK and R(D(∗)) at face value, fo-
cusing on the parameter space region described in Eq. (82). We are interested in possible
signatures that can be used to test or falsify this scenario with upcoming measurements at
the LHC and flavour factories.
6.1 Differential distributions in B → D(∗)τν decays
Due to the gauge structure of the model, new physics contributions to the B → D(∗)`ν decay
amplitudes have the same Dirac structure as the SM contribution to a good approximation.
25
0.23 0.25 0.27 0.29 0.31 0.33 0.35
R(D ∗ )
0.5
0.6
0.7
0.8
0.9
1.0
1.1
R
K
95% CL
68% CL
3.97 3.99 4.01 4.03 4.05 4.07
Γ(K→µν)/Γ(K→eν)× 10−4
1.30
1.31
1.32
1.33
1.34
Γ
(τ
→
µ
νν¯
)/
Γ
(µ
→
eν
ν¯)
×
1
0
−6 95% CL
68% CL
0.23 0.25 0.27 0.29 0.31 0.33 0.35
R(D ∗ )
0.0
0.1
0.2
0.3
0.4
ζ
95% CL
68% CL
0.5 0.6 0.7 0.8 0.9 1.0 1.1
RK
0.0
0.1
0.2
0.3
0.4
ζ
95% CL
68% CL
Figure 4: Allowed regions at 68% and 95% CL from the global fit. Experimental values for these
observables are also shown at 1σ (dark-band) and 2σ (light-band). The best fit point is illustrated with a
star.
This gives rise to a clean prediction
R(D)
R(D∗)
=
[
R(D)
R(D∗)
]
SM
, (83)
which is compatible with current data [5]. The inclusive ratio R(Xc) can provide an ad-
ditional handle to test the proposed scenario. The model gives rise to an enhancement in
R(Xc) within the parameter space region considered, we obtain 0.24 ≤ R(Xc) ≤ 0.29. The
Dirac structure of the new physics contributions can also be tested by using information from
the q2 ≡ (pB − pD(∗))2 spectra and by measuring additional observables that exploit the rich
kinematics and spin of the final state particles. The differential decay rate for B → D(∗)τν is
affected in the model with a global rescaling factor, implying that forward-backward asymme-
tries as well as the τ and D∗ polarization fractions are expected to be as in the SM. For recent
studies of differential distributions in b → cτν decays see Refs. [25, 125, 132–143]. Future
measurements of b→ cτν transitions at the Belle-II experiment will be crucial to disentangle
possible new physics contributions in these decays [144].
26
6.2 Lepton universality tests in RM
Confirming the violation of lepton flavour universality in other b → s observables would be
definite evidence in favour of new physics at work. Examples of such additional observables
are RM , with M = K∗, φ [145,146], defined analogously to RK ,
RM [q
2
1, q
2
2] =
∫ q22
q21
dq2 dΓ(Bq →Mµ+µ−)/dq2∫ q22
q21
dq2 dΓ(Bq →Me+e−)/dq2
, (84)
with q = d, s for M = K∗, φ.7
The expected values for RK , RK∗ and Rφ within each bin are strongly correlated, except
for the fact that hadronic uncertainties are mostly independent (but small). From the results
of the fit, we find the following expected ranges for the different ratios:
RK [1, 6] ∈ [0.62, 0.91] at 68% CL , RK [1, 6] ∈ [0.57, 0.95] at 95% CL ,
RK∗ [1.1, 6] ∈ [0.66, 0.91] at 68% CL , RK∗ [1.1, 6] ∈ [0.62, 0.95] at 95% CL ,
RK∗ [15, 19] ∈ [0.61, 0.90] at 68% CL , RK∗ [15, 19] ∈ [0.56, 0.94] at 95% CL ,
Rφ[1.1, 6] ∈ [0.64, 0.91] at 68% CL , Rφ[1.1, 6] ∈ [0.60, 0.94] at 95% CL ,
Rφ[15, 19] ∈ [0.61, 0.90] at 68% CL , Rφ[15, 19] ∈ [0.56, 0.94] at 95% CL ,
(85)
where it is understood that a strong (positive) correlation exists among all the predictions,
lower values of one observable corresponding to lower values of another and viceversa.
6.3 Lepton flavour violation
One of the first generic consequences of the violation of lepton flavour universality is lepton
flavour violation [148], as explored in connection to the B-meson anomalies in Refs. [55,
82, 140, 149–156]. In our model, the branching fraction for τ → 3µ is proportional to ∆2τ
and is therefore suppressed for |∆τ | ' 0. When |∆τ | is near its upper bound, |∆τ | ' 0.1,
we obtain values for Br(τ → 3µ) that saturate the current experimental limit 1.2 × 10−8.
Semileptonic decays of the tau lepton into a muon and a pseudo-scalar meson also receive
tree-level contributions from Z(′) exchange, these will also be proportional to ∆2τ so that the
largest rates possible will be obtained for |∆τ | ' 0.1. In our model the decays τ → µη(′)
receive important new physics contributions through the axial-vector strange-quark current.
Following [157] we obtain Br(τ → µη′) ≤ 3.9× 10−8 and Br(τ → µη) ≤ 4.2× 10−8, very close
to the current experimental limits Br(τ → µη′)exp ≤ 1.3 × 10−7 and Br(τ → µη)exp ≤ 6.5 ×
10−8 [158]. The observation of lepton flavour violating tau decays decays might therefore lie
within the reach of future machines such as Belle-II, where an improvement of the current
experimental bounds by an order of magnitude can be expected [144]. On the other hand,
due to the suppression of gauge mixing effects (ζ  1) the decay Z → τµ lies well-below the
current experimental limit, for which we obtain Br(Z → µτ) ≤ 1.2× 10−9.
7See Ref. [147] for other observables in B → K∗`` testing lepton-flavour non-universality.
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6.4 Direct searches for new states at the LHC
In this model we expect a plethora of new states lying at the TeV scale: scalar bosons (in the
CP-conserving limit we would have two CP-even Higgs bosons, one CP-odd Higgs and one
charged scalar, cf. Section 2), heavy fermions and the massive vector bosons W ′, Z ′.
The heavy vector-like leptons will be pair-produced at the LHC via Drell-Yan processes
due to their coupling to the massive electroweak gauge bosons. These will decay into gauge
bosons and charged leptons or neutrinos. Though no dedicated searches for vector-like lep-
tons have been performed at the LHC, one can obtain limits on their mass and production
cross-section by recasting existing multilepton searches [159]. It was found that current lim-
its for a heavy lepton doublet decaying to ` = e, µ flavours are around 450 GeV while for
decays into τ -leptons the limits are around 270 GeV [159]. Searches for pair production of
heavy vector-like quarks at the LHC focus primarily into final states with a third generation
fermion and bosonic states, setting upper limits on the vector-like quark masses ranging from
∼ 700 GeV up to ∼ 1 TeV [160–165].
The massive vector bosons W ′, Z ′ couple predominantly to the third fermion generation.
The LHC phenomenology of this type of states has been discussed in Ref. [81]. The Z ′ cou-
pling to muons is found to be at most ∼ 12% of its coupling to τ -leptons. In the quark sector,
the Z ′ coupling to the second quark generation is found to be at most ∼ 36% of the cou-
pling to third generation quarks. The Z ′ boson would be produced at the LHC via Drell-Yan
processes due to its coupling to b-quarks and s/c-quarks.
The total Z ′ width normalized by the Z ′ mass (ΓZ′/MZ′) is found to grow withMZ′, since gˆ
and MZ′ are positively correlated. Assuming that the Z ′ can only decay into the SM fermions
we have
ΓZ′
MZ′
' gˆ
2
48pi
[
3
∑
q=s,b
(1−∆2q)2 +
∑
`=µ,τ
(1−∆2`)2
]
, (86)
where we have neglected fermion mass effects. We obtain that ΓZ′/MZ′ is between 2% and
31%, with ΓZ′/MZ′ & 10% for MZ′ & 1 TeV.
If kinematically open, additional decay channels of the Z ′ boson would reduce the branch-
ing fractions to SM particles by enhancing the total Z ′ width, making the Z ′ resonance
broader. The latter scenario will generically be the case provided the vector-like fermions
are light enough, opening decay channels of the Z ′ boson into a heavy vector-like fermion
and a SM-like fermion or into a vector-like fermion pair. The decay rate for these processes
is given by:
Γ(Z ′ → Fif¯j) ' λ
1/2(1, xi, xj) gˆ
2NCMZ′
192pi
[
2− xi − xj − (xi − xj)2
]
(Σij)
2 ,
Γ(Z ′ → FiF¯i) ' λ
1/2(1, xi, xi) gˆ
2NCMZ′
96pi
{
(1− xi)
(
(ΩQ,Lii )
2 +
g41
g42
)
− 6 g
2
1
g22
xi Ω
Q,L
ii
}
.
(87)
Here λ(x, y, z) = x2 + y2 + z2 − 2(xy + yz + xz), NC = 3(1) for (un)coloured fermions
and xi = m2i /M
2
Z′. We have denoted by Fi a generic heavy fermion and by fj one of the
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SM-like fermions. The matrices Σ and ΩQ,L have been defined in Eqs. (52) and (53). The
Z ′ decays into a heavy fermion and a SM-like fermion are accidentally suppressed due to
the small entries of the Σ matrix within the parameter region of interest. These decays
therefore give small contributions to the total width in general. The decays into a pair of
heavy fermions, on the other hand, can give a significant contribution to the total Z ′ width
when kinematically allowed. For instance, if the masses of the heavy leptons lie around
450 GeV we obtain a contribution to ΓZ′/MZ′ from the decays Z ′ → EiE¯i, NiN¯i (i = 1, 2)
of about 20% for MZ′ ∼ 1.2 TeV, making the Z ′ boson a very wide resonance in this case:
ΓZ′/MZ′ ∼ 30%− 50%.
The ATLAS and CMS collaborations have searched for a resonance in the τ+τ− channel
at
√
s = 8 TeV [166–169]. Among these, the strongest limits are those coming from ATLAS
and they place important bounds on the model. We have evaluated the Z ′ production cross-
section at the LHC using MadGraph (MG5 aMC 2.4.2) [170]. We find that it is possible to
exclude the low-mass region where the Z ′ resonance remains reasonably narrow and there
is not much room for additional decay channels giving large contributions to the total width.
The latter would require having very light exotic fermions, entering in conflict with direct
searches for these states at colliders. In the heavy Z ′ mass region (& 1 TeV) the Z ′ resonance
becomes wide (ΓZ′/MZ′ & 10%) and the interpretation of the current experimental results
based on the search of a relatively narrow resonance is not valid anymore. Dedicated searches
at the LHC for a broad resonance in the τ+τ− channel within the mass range ∼ 1 − 1.7 TeV
would then be needed in order to test this scenario.8
The proposed scenario also gives some predictions in the scalar sector relevant for collider
searches. Neglecting mixing between the scalar bidoublet Φ and the Higgs doublets φ(′), the
scalar spectrum will contain a heavy CP-even neutral scalar transforming as an SU(2)L singlet
originating from Φ. We will denote this state by h2. The mass of this scalar is expected to be
around the symmetry breaking scale u ∼ TeV. The dominant interactions of h2 are with the
heavy fermions and the heavy gauge vector bosons, these are described by
L ⊃ 2(M2W ′W ′+µ W ′−µ +
1
2
M2Z′Z
′
µZ
′µ)
h2
u
− (yQ)ii Q¯iQi h2 − (yL)ii L¯iLi h2 , (88)
with QTi = (Ui, Di), L
T
i = (Ni, Ei) (i = 1, 2) and
yQ =
g22
n21
(
M˜Q1 0
0 M˜Q2(∆
2
s + ∆
2
b)
)
, yL =
g22
n21
(
M˜L1 0
0 M˜L2(∆
2
µ + ∆
2
τ )
)
. (89)
The production of h2 at the LHC is dominated by gluon fusion mediated by the heavy quarks
and is determined by the same parameters entering in the low-energy global fit. At the
centre-of mass energy
√
s the production cross-section reads
σ(pp→ h2) ' cggΓ(h2 → gg)
Mh2s
, Γ(h2 → gg) '
α2sM
3
h2
18pi3
∣∣∣∣∣
2∑
i=1
(yQ)ii
uM˜Qi
∣∣∣∣∣
2
. (90)
8We find our main conclusions in this regard to agree with those posed previously by the authors of Ref. [81]
while analysing a similar new physics case.
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Here cgg represents a dimensionless partonic integral which we estimate using the set of
parton distribution functions MSTW2008NLO [171] evaluated at the scale µ = Mh2. In
writing the decay rate for h2 → gg we have taken the local approximation for the fermionic
loops. For Mh2 ∼ 1 TeV, and restricting the rest of the parameters to the region described in
Eq. (82), we obtain σ(pp → h2) ' 110 − 290 fb at
√
s = 13 TeV centre-of-mass energy. For
MZ′ ∼ 1.7 TeV (and Mh2 ∼ 1 TeV) the production cross-section converges towards ∼ 110 fb.
The interactions of h2 in Eq. (88) will induce loop-mediated decays into gluons (which will
hadronize into jets) and electroweak gauge bosons W+W−, ZZ, γγ, Zγ. Assuming negligible
tree-level decays, the h2 boson will manifest in this case as a very narrow resonance decaying
mainly into a pair of jets. The current experimental sensitivity for dijet-resonances at the LHC
around this mass range (Mh2 ∼ 1 TeV) is at the level of 103 fb [172, 173]. The decays into
electroweak gauge bosons are found to be subdominant and for MZ′ ∈ [1, 1.7] TeV we have:
Br(h2 → WW ) ∼ 10−2, Br(h2 → ZZ,Zγ)/Br(h2 → WW ) ∼ 25%, Br(h2 → γγ)/Br(h2 →
WW ) ∼ 1%. Note however that in the case where some of the heavy fermions are below the
threshold Mh2/2, tree-level decay of h2 into these fermions becomes kinematically open and
will generically dominate over the loop-induced decays commented above.
7 Conclusions
We have performed a phenomenological analysis of a renormalizable and perturbative gauge
extension of the Standard Model. We took into account flavour observables sensitive to tree-
level new physics contributions as well as bounds from electroweak precision measurements
at the Z and W pole. More specifically, we have analysed the model in light of the current
hints of new physics in b → c`ν and b → s`+`− semileptonic decays, finding that the flavour
anomalies can be accommodated within the allowed regions of the parameter space.
As derived from the phenomenological analysis, strong hierarchies in the flavour struc-
ture of the Yukawa couplings are required in order to accommodate both b → s`+`− and
b → c`ν anomalies. We have taken a phenomenologically oriented approach in this work,
not invoking any flavour symmetry behind such structure. One interesting question would
be the exploration of possible flavour symmetries accommodating the observed flavour struc-
ture. We confirm the conclusions of Ref. [4] regarding the importance of suppressing gauge
bosons mixing. This translates in a tuning of tan β. Such accidental tuning would be more sat-
isfactory if there was a dynamical or symmetry-based explanation behind. These last points
also bring us to the question of the validity of our analysis, based on tree-level new physics
effects, once quantum corrections are considered. These corrections might alter the flavour
structure of the theory, remove accidental tunings which hold at the classical level as well as
introduce new constraints from loop-induced processes such as b→ sγ. Though such analysis
lies beyond the scope of our work, it would be relevant in order to establish the viability of
the proposed framework if the present deviations in b→ s`+`− and b→ c`ν are confirmed in
the future.
From the model building point of view, there are many open questions which we have
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not addressed in this work and would deserve further investigation, one of them being the
implementation of a mechanism for the generation of the observed neutrino masses and
lepton mixing angles. Our model also lacks a dark matter candidate, motivating the extension
of our framework. It would be interesting to pursue the investigation of possible embeddings
of the model within a larger gauge group, where the mass of the heavy fermions arise from
spontaneous symmetry breaking.
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A Details of the Model
A.1 Tadpole equations
The vev configuration introduced in Section 2 leads to three minimization conditions or tad-
pole equations. In the following we will consider all the parameters in the scalar potential to
be real. Defining
ti =
∂V
∂vi
= 0 , (91)
these are
tφ = m
2
φvφ +
1
2
vφ
(
λ4v
2
φ′ + λ5u
2
)
+
1
2
vφ′uµ+
1
2
λ1v
3
φ ,
tφ′ = m
2
φ′vφ′ +
1
2
vφ′
(
λ4v
2
φ + λ6u
2
)
+
1
2
vφuµ+
1
2
λ2v
3
φ′ ,
tu = m
2
Φu+
1
2
u
(
λ5v
2
φ + λ6v
2
φ′
)
+
1
2
vφvφ′µ+
1
2
λ3u
3 .
(92)
These three conditions can be solved for the mass squared parameters m2φ, m
2
φ′ and m
2
Φ.
A.2 Scalar mass matrices
The neutral scalar fields can be decomposed as
ϕ0 =
1√
2
(vφ + Sφ + i Aφ) ,
ϕ′0 =
1√
2
(vφ′ + Sφ′ + i Aφ′) ,
Φ0 =
1√
2
(u+ SΦ + i AΦ) .
(93)
Since we assume that CP is conserved in the scalar sector, the CP-even and CP-odd states do
not mix. In this case, one can define the bases
ST ≡ (Sφ, Sφ′ , SΦ) , PT ≡ (Aφ, Aφ′ , AΦ) ,
(H−)T ≡ ((ϕ+)∗ , (ϕ′+)∗ , (Φ+)∗) , (H+)T ≡ (ϕ+, ϕ′+,Φ+) , (94)
which allow us to obtain the scalar mass Lagrangian
−Lsm =
1
2
STM2SS +
1
2
PTM2PP +
(H−)TM2H±H+ . (95)
The mass matrix for the CP-even scalars is given by
M2S =
 M
2
SφSφ
M2SφSφ′ M2SφSΦ
M2SφSφ′ M2Sφ′Sφ′ M2Sφ′SΦ
M2SφSΦ M2Sφ′SΦ M2SΦSΦ
 , (96)
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with
M2SφSφ = m2φ +
1
2
(
3v2φλ1 + v
2
φ′λ4 + u
2λ5
)
,
M2SφSφ′ = vφvφ′λ4 +
1
2
uµ ,
M2SφSΦ = vφuλ5 +
1
2
vφ′µ ,
M2Sφ′Sφ′ = m2φ′ +
1
2
(
3v2φ′λ2 + v
2
φλ4 + u
2λ6
)
,
M2Sφ′SΦ = vφ′uλ6 +
1
2
vφµ ,
M2SΦSΦ = m2Φ +
1
2
(
v2φλ5 + v
2
φ′λ6 + 3u
2λ3
)
.
(97)
The lightest CP-even state, S1 ≡ h, is identified with the recently discovered SM-like Higgs
boson with a mass ∼ 125 GeV. Similarly, in the Landau gauge (ξ = 0), the mass matrix for the
CP-odd scalars is given by
M2P =
 M
2
AφAφ
M2AφAφ′ M2AφAΦ
M2AφAφ′ M2Aφ′Aφ′ M2Aφ′AΦ
M2AφAΦ M2Aφ′AΦ M2AΦAΦ
 , (98)
with
M2AφAφ = m2φ +
1
2
(
v2φλ1 + v
2
φ′λ4 + u
2λ5
)
,
M2AφAφ′ =
1
2
uµ ,
M2AφAΦ =
1
2
vφ′µ ,
M2Aφ′Aφ′ = m2φ′ +
1
2
(
v2φ′λ2 + v
2
φλ4 + u
2λ6
)
,
M2Aφ′AΦ = −
1
2
vφµ ,
M2AΦAΦ = m2Φ +
1
2
(
v2φλ5 + v
2
φ′λ6 + u
2λ3
)
.
(99)
After application of the tadpole equations in Eq. (92), it is straightforward to show that the
matrix M2P has two vanishing eigenvalues. These correspond to the Goldstone bosons that
constitute the longitudinal modes for the massive Z and Z ′ bosons. Finally, the mass matrix
for the charged scalars in the Landau gauge (ξ = 0) is given by
M2H± =
 M2ϕ+ϕ+ M2ϕ+ϕ′+ M2ϕ+Φ+M2ϕ+ϕ′+ M2ϕ′+ϕ′+ M2ϕ′+Φ+
M2ϕ+Φ+ M2ϕ′+Φ+ M2Φ+Φ+
 , (100)
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with
M2ϕ+ϕ+ = m2φ +
1
2
(
v2φλ1 + v
2
φ′λ4 + u
2λ5
)
,
M2ϕ+ϕ′+ =
1
2
uµ ,
M2ϕ+Φ+ = −
1
2
vφ′µ ,
M2ϕ′+ϕ′+ = m2φ′ +
1
2
(
v2φ′λ2 + v
2
φλ4 + u
2λ6
)
,
M2ϕ′+Φ+ =
1
2
vφµ ,
M2Φ+Φ+ = m2Φ +
1
2
(
v2φλ5 + v
2
φ′λ6 + u
2λ3
)
.
(101)
Again, one can find two vanishing eigenvalues inM2H± after applying the tadpole equations
in Eqs. (92). These correspond to the Goldstone bosons eaten-up by the W and W ′ gauge
bosons.
B Pseudo-observables for Z- and W -pole observables
In our model, the pseudo-observables considered in Ref. [84] are given by:
δm = −δv g
′2
g2 − g′2 ,
δgW`iL = −ζ 2
g42
n41
∆`ii + f(1/2, 0)− f(−1/2,−1) ,
δgZ`iL = ζ 
2 g
4
2
2n41
∆`ii + f(−1/2,−1) ,
δgZ`iR = f(0,−1) ,
δgZuiL = −ζ 2
g42
2n41
(VCKM∆
qV †CKM)ii + f(1/2, 2/3) ,
δgZuiR = f(0, 2/3) ,
δgZdiL = ζ 
2 g
4
2
2n41
∆qii + f(−1/2,−1/3) ,
δgZdiR = f(0,−1/3) ,
(102)
where
δv = −ζ2 1
2
g42
n41
∆`22 and f(T
3, Q) = −δv
(
T 3 +Q
g′ 2
g2 − g′ 2
)
. (103)
The family index i for these shifts covers the three fermion generations except for δgZuiR ,
for which i = 1, 2. We neglect corrections to the right-handed Z and W couplings that are
34
suppressed by the fermion masses, see Section 3. We also neglect loop contributions, which
we estimate to be comparable to the tree-level contributions for ζ . 0.02. However, the
resulting δg’s in that case would be below the limits quoted in [84].
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